The contractile state of the noninfarcted myocardium was examined in adult cats after myocardial infarction produced by ligation of several branches of the left coronary artery. At 2 days, 7 days, and 6 weeks after infarction, and after determination of intracardiac pressures, papillary muscles were excised from the noninfarcted segment of the right ventricle and attached to a myograph for analysis of contractile function. One week after infarction there was a decline in actively developed force at L msx , caused by a decrease in the rate of force development. In addition, the response to procedures that augment myocardial contractility, such as paired stimulation and increasing the frequency of electrical stimulation, was significantly depressed. Two days after infarction, changes were less significant, although similar in direction. Six weeks after infarction, developed force at L max had returned to normal values. The response to procedures augmenting contractility also had returned to normal. There appears to be a distinct, reversible loss of contractility in the remaining viable myocardium in the early phase after experimental infarction.
AFTER MYOCARDIAL infarction, the uninvolved portion of the heart generally is thought to maintain function and metabolism, unless coexisting stenosis of additional vessels causes ischemia of the noninfarcted segments. However, after experimental myocardial infarction, the clearly nonischemic portion of the heart muscle shows changes in its energy metabolism as well as a reversible decline in norepinephrine content. 1 * 3 The functional significance of these changes, however, remains largely unknown because determinations of ventricular function after infarction fail to differentiate the infarcted and the surviving areas. Theroux et al. 4 demonstrated an increased extent of shortening of noninfarcted areas early after infarction which was caused by regional operation of the Frank-Starling mechanism; an alternate explanation could be that unloading of the ischemic segment permits increased active shortening as well. In the present study we analyzed myocardial function after isolation of the surviving heart muscle, to exclude any effect of the infarct itself. To avoid the ill-defined changes which occur in the zone which borders the infarct, we studied right ventricular papillary muscles after left ventricular infarction. We thus attempted to determine the effect of an acute myocardial infarction on the contractile properties of surviving, noninfarcted heart muscle.
Methods
Myocardial infarction was produced in adult cats by ligation of several branches of the left coronary artery. Under general anesthesia (halothane, N 2 O, and O 2 ), the cats were intubated, and a thoractomy was performed through the 5th left intercostal space. After opening the pericardial sac, we ligated between three and five branches of the left coronary artery which lead to the free wall of the left ventricle. Infarctions produced in this way were comparable in extent and location in different cats. Normal as well as sham-operated cats were used as controls. The sham operation consisted of opening the pericardial sac, without ligating the coronary arterial branches.
A total of 62 cats was divided into four groups, depending on the time which had elapsed after operation: group 1, controls (n = 17); group 2, sham-operated cats, examined 1 week postoperatively (n = 10); group 3, 2 days after infarction (n = 14); group 4, 7 days after infarction (n = 14); and group 5, 6 weeks after infarction (n = 7).
At the time of study the cats were anesthetized by intravenous injection of a mixture consisting of metomidat. 25 mg/kg, and fentanyl, 0.025 mg/kg. The following hemodynamic parameters were determined: heart rate, mean aortic pressure, right atrial pressure, right ventricular systolic and diastolic pressure. The zero reference for intracardiac pressures was the midchest.
After hemodynamic evaluation the heart was rapidly excised and transferred to cooled saline saturated with O 2 . Right ventricular papillary muscles were excised and transferred into the myograph chamber, which contained oxygenated Krebs-Ringer solution comprising 5.6 m. M glucose and (in mEq/liter) Na + , 152; K + , 3.6; Cl", 135; H C O , 25; Mg 2 -, 1.2; H 2 PO 4 ", 1.3; and Ca 2 + , 5.0. The pH of the solution was 7.4 when it was gassed with 95% O 2 -5% CO 2 . Studies were performed at 29°C. The water jackets of the muscle bath were attached to a constant temperature pump (F.J. Haake) adjusted to 29°C. The temperature of the bath itself was checked with an independent thermometer.
Two days after ligation of the coronary arteries, the demarcation of the infarcted area was sufficiently clear to permit a macroscopic differentiation of infarcted and noninfarcted heart muscle. In addition, the base of the removed papillary muscle was examined histologically, and only when the site of removal showed normal histology was the muscle included in the final evaluation. After removal of the papillary muscle, the left ventricle was cut in sections and submerged in a solution containing nitroblue-tetra-coliziumchloride, which stains normal muscle deep blue, and infarcted myocardium gray-white." The macroscopically visible area of the infarct was excised and weighed, as were the ventricles and interventricular septum.
The base of the removed papillary muscle was fixed in a Lucite clip and connected by a straight steel wire to a force transducer (Hottinger, HBM Q 11/10). The signal from the force transducer as well as its first time derivative were recorded continuously; measurements were made from recordings obtained at a paper speed of 100 mm/sec. The muscles were stimulated through field electrodes with rectangular pulses of 6-msec duration and 10% above threshold (Grass stimulator, model S88). Muscle length was determined at L max ; for calculation of cross-sectional area, the muscle was assumed to have a cylindrical shape and a specific gravity of 1.0.
After it had been mounted, the muscle was allowed to contract isometrically at lengths below L m a , until mechanical activity had stabilized; usually this occurred within 90 minutes. Then muscle length was increased in steps to a length slightly greater than L max and active developed force and passive tension were recorded continuously. In addition, we studied the effects of paired electrical stimulation by using pairs of stimuli at a frequency of 0.2 Hz. The interstimulus interval did not exceed the muscle's effective refractory period by more than 30 msec. After an additional period of stabilization during which single stimuli were applied at 0.2 Hz, we studied the effects of increasing the frequency of stimulation. For each intervention studied we recorded developed force as well as the velocity of force development, along with the stimulus artifact, on a multichannel direct writing recorder with a linear frequency response up to 300 Hz. All data were analyzed by Student's /-test and expressed as mean ± SE.
Results

HEMODYNAMIC FINDINGS
There was an insignificant decrease in heart rate after infarction. Mean aortic pressure decreased from a control value of 94 ± 6 mm Hg to 86 ± 8 mm Hg 2 days after infarction; subsequently there were no significant changes. Figure 1 shows right heart pressures recorded at different times after infarction. There is an insignificant increase in mean right atrial pressure in the early phase; right ventricular end-diastolic pressure increases significantly above the control value of 5.0 ± 0.5 mm Hg to 7.0 ± 1.0 mm Hg I week after infarction (P < 0.05) and shows a slight, insignificant decrease thereafter. Right ventricular systolic pressure does not change significantly after infarction, although there is a tendency for it to increase. Table 1 shows the relative ventricular weights (g/kg) after infarction. There are no statistically significant changes, although the relative weight of the left ventricle tends to increase after infarction as a result of edema in the infarcted area. By 48 hours after infarction, the infarct comprises 21.6 ± 1.9% of the left ventricle in terms of wet weight. One week after infarction only 15.9 ± 1.7% of the left ventricle appears to be infarcted. We attribute this change to partial resorption of necrotic tissue rather than to a true difference in infarct size. Six weeks after infarction the remaining scar tissue comprises 14.1 ± 2.2% of the left ventricle. Table 2 summarizes for the individual muscles the data describing force development at L mox in relation to crosssectional area, muscle length, and time to peak force development. The numbers in the subgroups which are identical in cross-sectional area are too small to permit statistical evaluation. In comparison to the average value for the entire group, however, a similar tendency becomes apparent in the individual subgroups consisting of muscles of similar cross-sectional areas. The average cross-sectional areas are quite similar, except for the group studied I week following infarction, for which values were slightly higher. Muscle length is comparable as well, except for the group studied 6 weeks following infarction, in which muscles are slightly shorter. There is little variation in the time to peak force development. The resting tension shows no significant differences between the groups under study (controls, 0.95 ± 0.15 g/mm 2 cross-sectional area; sham-operated cats, 1.00 ±0.16 g/mm 2 ; 48 hours following infarction, 0.90 ± 0.20 g/mm 2 ; 1 week, 0.85 ±0.18 g/mm 2 ; 6 weeks, 0.95 ± 0.20 g/mm 2 ).
VENTRICULAR WEIGHTS
MYOCARDIAL MECHANICS
The active force developed at the apex of the curve relating active length to force (L ma ,) is shown in Figure 2 . For normal muscles the average value for active force developed at L max is 5.9 ± 0.16 g/mm 2 cross-sectional area. There is no significant change in this value 1 week after sham operation, whereas at 1 week after infarction the force actively developed by noninfarcted right ventricular papillary muscle decreases significantly to 4.3 ± 0.24 g/mm 2 cross-sectional area (P < 0.001). Two days after infarction, developed force at L max is 5.4 ± 0.33; this is an insignificant change from the control, although a tendency to decline is apparent. Six weeks after infarction, developed force at Lmax reaches 5.35 ± 0.48 g/mm 2 ; this represents a significant increase {P < 0.01) from the depressed value obtained 1 week after infarction but is not significantly different from the control value. If we consider the rate of force development (Table 3) , a similar tendency becomes apparent. One week after infarction the decrease in the rate of force development by noninfarcted heart muscle is significant; 6 weeks after infarction, the rate of force development by the surviving heart muscle is significantly increased in comparison to the early postinfarction period.
PAIRED FLECTRICAL STIMULATION Figure 3 shows the effects on force development of sustained postextrasystolic potentiation, caused by paired electrical stimulation, for the different groups under study. The normal increment in force is 3.5 ± 0.12 g/mm 2 cross-sectional area; it remains essentially unchanged after sham operation (3.2 ± 0.40 g/mm 2 ) and decreases 2 days after infarction to 2.0 ± 0.26 (P < 0.01) and further to 1.7 ± 0.18 at 1 week after the infarct (P < 0.001). Six weeks after infarction the increment in force reaches a nearly normal value (3.0 ± 0.28), as does the total force developed (8.23 ± 0.90 g/mm 2 cross-sectional area) ( Fig. 3 ).
FORCE-FREQUENCY RELATIONS
Increasing the frequency of stimulation results in an increased force of contraction; 5 in normal muscles force changes from 5.9 ± 0.16 g/mm 2 at 0.2 Hz to 7.8 ± 0.24 g/mm 2 at 0.6 Hz (solid line in Fig. 4 ). One week after sham operation, force development increases from 6.1 ± 0 . 1 3 g/mm 2 at 0.2 Hz to 8.05 ± 0.40 g/mm 2 at 0.6 Hz and shows no significant difference from the control value. After infarction, however, there is a diminished increment in force following an increase in the frequency of stimulation; this can be observed 2 days after infarction, and is even more prominent 1 week after infarction where there is a smaller initial increment in force development and an early flattening of the frequency-force relation (Fig. 4 ). Six weeks after infarction, a tendency toward normalization is observed, although control values are not reached (Fig. 4) .
The rate of isometric force development shows a similar tendency (Fig. 5 ). Whereas normal muscles show a continuing increase in the rate of force development in response to an increase in the frequency of stimulation from 22.2 ± 1.0 g/sec at 0.2 Hz to 38.4 ± 3.0 g/sec at 0.6 Hz, the noninfarcted heart muscle 1 week after infarction shows significantly smaller increments (Fig. 5 ). In contrast, shamoperated cats 1 week after operation show an essentially normal increase in the rate of force development, from 20.9 ± 0.8 g/sec at 0.2 Hz to 39.4 ± 2.1 g/sec at 0.6 Hz. Six weeks after infarction, nearly normal values for the rate of force development again are reached ( Fig. 5 ).
Discussion
Acute myocardial infarction is regularly followed by a depression of ventricular function. 6 " 9 The performance of the ventricle depends largely on the extent of myocardial necrosis; however, the function of the surviving heart muscle, which has to compensate for the loss of viable myocardium, must be considered as well. Earlier experimental investigations demonstrated a reversible decline in cardiac norepinephrine stores at sites remote from the infarcted area; 2 -3 this change was thought to be due to a persistent increase in sympathetic activity. Hood et al. 10 demonstrated an increased extent of shortening in the surviving heart muscle; this finding was confirmed by Theroux et al.,* who demonstrated increased systolic shortening in the uninvolved myocardium early after infarction. This process was shown to be due to operation of a Frank-Starling mechanism in the noninfarcted myocardium; however, systolic unloading due to paradoxical motion of the ischemic segment also might cause increased fiber shortening in the nonischemic myocardium. In our investigation, the surviving heart muscle was isolated after myocardial infarction and studied in vitro to avoid the effects of catecholamine stimulation" as well as the influence of the infarcted segment on the determination FIGURE 2 Active force developed at L max by noninfarcted right ventricular papillary muscles after left ventricular infarction. One week after infarction, there is a significant decrease in active force development, whereas 6 weeks after infarction, developed force has returned to the normal level. CSA = cross-sectional area; N = normal controls: Sham = sham-operated cats.
of myocardial contractility. After left ventricular infarction, right ventricular papillary muscles were taken to avoid the ischemic zone bordering the necrotic area.
Hemodynamic observations showed a slight increase in right ventricular end-diastolic pressure in the early phase following infarction, but this pressure remained considerably below values observed in congestive failure. 12 Although pressures recorded during anesthesia differ considerably from those recorded in the unanesthetized condition, available evidence indicates that there was no congestive failure, which might have been responsible for the observed depression of contractility. 12 Two days after infarction a tendency toward a decline in maximum force development was observed in measurements on noninfarcted heart muscle, although the difference from control and sham-operated animals was not significant. One week after infarction the maximum force development by the surviving heart muscle was significantly depressed. Six weeks after infarction nearly normal levels of force development again were reached (Fig. 2) . In addition to the reduction in force development, the response to procedures that augment myocardial contractility was depressed. During paired elec- trical stimulation (Fig. 3 ) the absolute increases in force and rate of force development were significantly below normal in the early phase following infarction. The force-frequency response was depressed as well ( Fig. 4) ; the increments in force following an increase in stimulation-frequency were smaller than for controls and showed an early flattening of the curve. A similar observation was made when we examined the rate of isometric force development (Fig. 5 ).
Six weeks after infarction nearly normal values were reached for developed force as well as for the increments in force development in response to inotropic stimuli. Therefore, the decline in contractility of noninfarcted heart muscle appears to be a reversible process which is limited to the early postinfarction period. Similar changes in contractility have been reported for hypertrophied heart muscle caused by pulmonary 12 and aortic 13 constriction. In contrast to changes in resting tension observed in hypertrophied papillary muscles, 13 there is no change in resting tension observed in the surviving heart muscle after infarction.
There appears to be a relation between the time course of the decline in norepinephrine stores 2 -3 in noninfarcted heart muscle and the observed changes in contractile function. Both norepinephrine stores and contractility, as determined in vitro, show a decline in the early postinfarction period and a late return to normal values. However, there appears to be Rate of isometric force development in response to increasing the frequency of stimulation. Again, the noninfarcted heart muscle I week after infarction shows significantly smaller increments in the rate of force development than does the control, whereas 6 weeks after infarction, values return nearly to normal. in norepinephrine stores thus appears unlikely to be the primary cause for the observed decline in contractility.
Although there is no clear explanation available at present, the initial decline and late recovery of contractile function indicate that the observed changes are secondary to the infarct itself rather than a direct consequence of the coronary occlusion. A significant part of the force developed by the surviving heart muscle is spent in realigning the stress in the ventricular wall,"-1 8 in addition to compensating for the loss of functioning tissue. The disappearance of the paradoxical motion 19 as well as the replacement of the infarcted area by noncompliant scar tissue 20 reduces the force which need be generated by the noninfarcted heart muscle and thus permits a return to a normal level of function, with a subsequent return of normal contractility.
In judging the overall effect of an acute myocardial infarction on the hemodynamic performance of the heart, it appears mandatory to consider the contractile state of the surviving heart muscle. Although contractile performance in vivo may be enhanced by the Frank-Starling mechanism and by increased levels of circulating catecholamines, the basal contractile state already may be depressed.
